Wheat and barley yields from three farms in the Ebro River valley are shown to be strongly dependent on seasonal rainfall, particularly that during November -January and March -May of the cropping season. In the driest farm, in Monegrillo, Zaragoza province (seasonal rainfall 250 mm), yields increased by ca 5.9 (wheat) and 9.4 At all three locations, decreasing water evaporation from the soil during the cropping season would likely benefit yield.
Introduction
Most wheat and barley in Spain is grown under rainfed conditions in Castilla y León, Castilla la Mancha, Aragón and Cataluña. Yields are low by comparison with those in the more humid countries of Europe and vary markedly from year to year and with location. The central part of the Ebro valley of northeast Spain is especially arid and is marginal for the production of these crops. It is generally supposed that the variation in yield in the area is caused principally by variation in the amount and temporal distribution of rainfall during the growing season (Alberto and Machín, 1978; Martí Ezpeleta, 1992; McAneney and Arrúe, 1993; Cantero-Martínez et al., 1995; López and Arrúe, 199x) .
Yield-climate, and especially yield-rainfall relationships have been the subject of many studies. In the arid areas of Syria where yields of barley and seasonal rainfall are similar to those of the central Ebro valley, Van Oosterom et al. (1993) found that variation in seasonal rainfall (October -April) accounted for 50-60 % of the variance in grain yield, rainfall during December and January and April making the most contribution to yield variation. In contrast, Musick et al. (1994) found no relationship between yield of wheat and seasonal evapotranspiration in the dryland conditions in Bushland Texas although yields and seasonal evapotranspiration (dominated by seasonal rainfall) were similar to those encountered in the Syrian study. However, when the data for irrigated and dryland crops were analysed together, seasonal evapotranspiration accounted for 74 % of the variance in yield. An earlier study at the same location (Army et al., 1959) showed that seasonal rainfall accounted for ca 65 % of the variation in dryland wheat yield.
In this paper we report yield-rainfall relationships assessed from data on measured yields from three farms over periods which range from 16-56 years. The farms are in the central part of the Ebro valley of northeast Spain (Fig.1) . One farm is in Los Monegros, where cereals are grown in a cereal -fallow rotation. Our analyses allowed us to estimate the benefits to yield from water stored in the soil during the fallow. For this, the amount of water present in the profile at sowing was estimated with a physically based simulation model (Austin et al., 199x) , using appropriate soil and climatic data. The other two farms are in La Segarra, a less arid area than Los Monegros. In La Segarra, cereals, principally barley, are grown annually without fallowing.
Materials and Methods

Los Monegros
Los Monegros region of the Ebro basin is one of the most arid areas of Spain (and Europe) in which dryland agriculture is practised. The mean annual rainfall varies with location from 300-500 mm (Martí Ezpeleta, 1992) , but rainfall at a given location varies greatly and monthly rainfall is even more variable. As in most of north-central Spain, rainfall is bimodally distributed, with peaks in April-May and September-October, though these peaks are not very marked.
Barley is the principal dryland cereal crop grown in Los Monegros, but durum and bread wheat are grown in the more favourable locations. In contrast with much of the rest of Spain's drylands, which are now cropped annually, a cereal fallow rotation is normal in Los
Monegros. It might be supposed that the soils are fallowed to improve the water available for the following crop, but the calculations of Austin et al. (199x) , and the measurements of López et al (1996) suggest that the benefits from water storage during the fallow are quite small. Estimated average yields of barley and wheat in Los Monegros are less than 2 t ha -1 , and are strongly dependent on seasonal rainfall (Martí Ezpeleta, 1992 The soils on most of the farm are silty clay and silty clay loam Xerochrepts, with a depth exceeding 100 cm. For the calculation of water storage in the profile we have assumed that the effective rooting depth is 100 cm. Soil samples were taken from three representative sites on the farm. The samples were analysed for soil texture, bulk density and porosity. The results were used to estimate water-related soil physics parameters using pedotransference functions (Rawls et al., 1992) . These characteristics were assumed for running the simulation model (Austin et al., 199x) which was used to calculate the water content of the soil at sowing (see below). The most common soil type (Mosen), occupies ca 50% the area of the Monegrillo farm. Of the other types, Valle occupies ca 25 % and Polvorosa occupies ca 10 % of the farm area.
Monthly rainfall from the Monegrillo pluviometric station (00 0 25' W; 41 0 38' N) was used in calculating the regressions. Daily rainfall was required for the calculation of the water content of the profile at the end of the fallow and these records were taken from the same station. For the few periods where daily records were not available from this station, records from one of two nearby stations were substituted.
For the purpose of this paper we took the sowing date in Monegrillo to be 1 December.
The actual sowing dates each year were not recorded, but were generally within a month of this date. To estimate the amount of water present in the profile at sowing on 1 December in year n (the crop being harvested in year n +1) we took it that the soil was at permanent wilting point after harvest in June of year n -1. Using historical daily rainfall from July of year n -1 to the end of November in year n, we computed the amounts of water in the profile to a depth of 100 cm on 1 December of year n. These calculations were done for the minimum fallow period of 5 months, and for the normal 17 month fallow. The calculations were made with the model described in detail by Austin et al., 199x . Apart from daily rainfall, the other variables required were mean monthly evapotranspiration (ETo) and various soil physical characteristics. ETo was obtained from the nearest meterological station (Montañana, 35 km west of Monegrillo) where all the data needed to compute it were available. The soil physical characteristics were those needed to calculate water flow between soil layers based on Darcy's law. Evaporation from the bare soil surface (Es) was calculated from an empirically derived equation relating Es to ETo as a function of the moisture content of the upper 50 mm of soil. Each simulation was started on 1 July, when the moisture content of the entire 100 cm of the soil profile was taken to be that corresponding to wilting point (-1.5 MPa). It should be emphasised that the outputs from the model used in the statistical analyses were the amounts of water present in the profile at sowing, and not the storage during the fallow, as defined by Austin et al., 199x) .
La Segarra
La Segarra is a semi-arid area varying in altitude from 250 to 500 m a.s.l. Annual rainfall varies from 250 to 600 mm, but there is substantial spatial variation, the southeast part of the region receiving ca 350 mm, and the higher altitude, northern part, ca 600 mm. Most of La Segarra is devoted to field crops, principally barley.
Fallowing was abandoned in the 1950's and cropping is now annual. We have analysed yield data from two farms in La Segarra. 
Statistical analysis
The analyses comprised the following steps:
1. Regression of yields on years to detect and, if found, allow for any long term linear trends of yield with time associated with technological improvement (agronomy and cultivars).
2. Correlation of yield with monthly rainfall to identify those months during which variation in rainfall significantly influenced yield.
3. Grouping of rainfall into periods corresponding to the vegetative phases of growth and to the grain filling period, and calculation of the regressions of yield on the rainfall during these periods.
4. For Monegrillo only, estimation of the water present in the profile at sowing and the inclusion of profile water as an independent variable in the regressions.
Results and discussion
No significant proportion of the variance in yield of either wheat in Monegrillo or barley at any of the locations was accounted for by linear regression on years. This is in sharp contrast to the trends for these crops for the whole of Spain as well as other The mean yield of wheat (total production divided by the number of seasons) at
Monegrillo was 898 kg ha -1 (56 seasons) and that of barley 1325 kg ha -1 (43 seasons).
Simple correlations of yield and rainfall (Table 1) show that yields of wheat and barley were significantly correlated with rainfall during the three months November -January and the two months April -May. Variation in rainfall during other months was weakly or inconsistently associated with yield. It should be noted that the standard deviation of monthly rainfall was similar to mean monthly rainfall, and that the standard deviation did not vary greatly with month. Thus the weak correlation between monthly rainfall and yield for the months August -October, February and July could not have been caused by low variability of rainfall in these months.
At El Canós, where sowing is earlier than in Monegrillo, and September and October are wetter than in Monegrillo, the mean yield of barley was 2358 kg ha -1 . The simple correlations of yield with rainfall by month are shown in Table 2 . The average yield of barley at Selvanera was 3664 kg ha -1 . The correlations between yield and monthly rainfall at Selvanera are not presented as they were based on only 16 years data. Tables 3A and 4A show the multiple regression coefficients of rainfall on yield for rainfall grouped into three periods: October -December (September -December in the locations in La Segarra), which we considered would be available for the establishment and early growth of the crops; that during January -March, important for the main phase of growth and for the development of yield potential; and that during April and May, important for grain filling and so for the realisation of yield potential.
In Monegrillo, the inclusion of these three terms accounted for about half of the variance of yield of wheat and barley, and each term was statistically significant (Table   3A) . When the rainfall during the three periods was aggregated into seasonal rain, regression of yield on this single term also accounted for about 50 % of the variance in yield of both crops (Table 3B and Fig.2 ). Barley was more responsive than wheat to rain, especially to rain during October -December and April -May, and the seasonal coefficient was 60 % greater for barley than for wheat. These differences support the generally held view that barley is better adapted than wheat to very dry rainfed conditions. Table 3B gives the estimated crop rainfall for zero yield of wheat and barley in
Monegrillo. This latter statistic has been taken as equivalent to the minimum evaporation from the cropped soil during the crop season, and amounts to approximately 52 % of the seasonal rainfall. However, this interpretation cannot be strictly correct, because even in years where no grain is harvested, there will be a significant biomass and leaf area, from which there will be transpiration.
For Monegrillo, where a cereal-fallow rotation is practised, Table 3C gives the values of the coefficients of the multiple regression on yield of rainfall during DecemberMarch and that for April -May, and for the estimated water content of the profile of the Mosen soil at sowing after the normal 17 month fallow. Inclusion of these three terms accounted for 55 % (wheat) and 44 % (barley) of the variation in yield of these crops, and each of the three terms was significant at p < 0.05. Of note is that the coefficients for profile water content are greater than those for the rainfall during OctoberDecember (given in Table 3A ). Presumably this is because much of the water in the profile at sowing is 'used' in transpiration, benefiting photosynthesis, while the rainfall coefficients represent yield gain per mm of (transpiration+ evaporation) from the soil surface, and when they are wet, from leaf surfaces. This evaporation, which has been estimated to be at least 50 % of seasonal evapotranspiration from the crop in it only marginally by increasing the atmospheric vapour pressure and so the ratio of photosynthesis to transpiration. The large coefficients for the December -March rainfall may be taken to indicate the critical importance of rain during this period for the establishment of yield potential.
We estimated the benefits to yield in Monegrillo from water stored in the soil during fallowing using the coefficients given in Table 3C (wheat, 6.88; barley, 9.96, for the Mosen soil, and the corresponding coefficients for the two other soils) and from the increases in soil water content resulting from the fallow year. The mean increase in profile water content of the Mosen soil as a consequence of fallowing was estimated to be 19 mm over 49 seasons (standard deviation 12 mm). Because the water content of the profile at sowing was strongly dependent on the rainfall in the two preceding months (Austin et al., 199x) , and these months were, by definition, common to both annual cropping and the cereal -fallow rotation, the water contents at sowing with both cropping systems were highly correlated (r = 0.95). The yield increase from fallowing was calculated for each year and soil type as the product of the coefficients and the water content of the soil after the 17 month fallow minus that in the profile after the minimum 5 month fallow in that year. These calculations were done for those years for which yields and the estimates of water storage were available. Assuming that yields lower than 300 kg ha -1 (twice the seeding rate) were crop failures, we calculated the mean yields with and without fallowing. The results are summarised in Table 5 . For both wheat and barley, fallowing increased yield (by averages of 94 and 85 kg ha -1 respectively). Fallowing slightly decreased the number of crops which were considered to have failed.
In El Canós, the mean seasonal rainfall (September -May inclusive) for the period 1959-1997 was 364±98 mm. There were 39 years when both yield and monthly rainfall were available, the joint regression of the three rainfall terms on yield accounted for 31% of the variation in yield. The coefficients are given in Table 4A . Regression of seasonal rainfall on yield accounted for 34% of the variation in yield (Table 4B ).
In Selvanera, yield and rainfall data were available for the entire period 1982-97.
Mean seasonal rainfall was 333±90mm. Table 4 shows the values of the coefficients of the regression of rainfall on yield. At this location, rainfall accounted for 46%
(multiple regression, three terms) and 39% (seasonal rainfall) of the variation in yield.
The coefficients given in Tables 3B and 4B may be equated to water use efficiency, if it is assumed that there is no drainage during the crop season. Simulation studies (Austin et al., 199x) showed that even when the soil was not cropped, there was very little drainage out of the rooting zone (the upper 100 cm). Water use efficiency in units of kg grain m 3 of rain or evapotranspiration can be derived from the coefficients in Tables 3B and 4B (1995) and López and Arrúe (199x) for locations in the Ebro River valley. In Monegrillo, barley was more efficient in water use than wheat, as expected. Of the locations in La Segarra, the water use efficiency of barley at the cooler location (Selvanera) was greater than at El Canós, also as expected.
Conclusion
In the very harsh environment of the farms studied, especially Monegrillo, it is clear that water is a major limitation to cereal production, as also reported by McAneney and Arrúe (1993) in their study based on a subset of the Monegrillo data we have analysed. Our calculations indicate that in Monegrillo, normal, long fallowing increases the water content of the soil profile at sowing time by an average of only 19 mm, by comparison with that after the minimum five month fallow. The extra water was calculated to increase yields by 7.0 % (wheat) and 6.2 % (barley), and to slightly decrease the risk of crop failure. These calculations assume no other benefit to yield other than that resulting from increased soil water content at sowing, and so could underestimate the actual yield gain from fallowing. On this basis, cereal production from a given area of land over a run of years would be greater with annual cropping than with a cereal -fallow rotation.
Regression models for summarising yield-rainfall relationships are not fully satisfactory for the dry conditions of the Ebro valley. This is because prolonged drought (little or no rain for ca three months) during any stage of growth causes crops to fail. In this circumstance, even though rain may be plentiful during the other months of a growing season, it will be ineffective for yield. The consequence is that the proportion of the variation in yield accounted by multiple regression of yield on rainfall will be lower than would be the case if the effects of rainfall during the different growth stages were modelled to be conditional on the amounts of rain during other stages of growth. This limitation does not apply to dynamic simulation models, which in principle could be used to estimate the dependence of yield on rainfall at different stages of growth. Mean monthly rainfall Table 2 .
Mean monthly rainfall Polvorosa soil 34 1144 26 1446 1 number of years for which daily rain and yields were available, and the total grain production (including yields below 300 kg ha -1 ) divided by the number of years 2 number of crops with yield greater than 300 kg ha -1 , and the mean yield of those crops on the given soils. 
